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ABSTRACT The virus-specific CD8" T cell response has
been analyzed through the development, effector, and recovery
phases of primary and secondary influenza pneumonia. Ap-
parently, most, if not all, memory T cells expressing clonotypic
receptors that bind a tetrameric complex of influenza nucleo-
protein (NP)3¢_374 peptide+H-2DP (NPP) are induced to
divide during the course of this localized respiratory infection.
The replicative phase of the recall response ends about the
time that virus can no longer be recovered from the lung,
whereas some primary CD8*NPP* T cells may proliferate for
a few more days. The greatly expanded population of
CD8*NPP* memory T cells in the lymphoid tissue of second-
arily challenged mice declines progressively in mean preva-
lence over the ensuing 100 days, despite the fact that at least
some of these lymphocytes continue to cycle. The recall of
cell-mediated immunity thus is characterized by massive
proliferation of the antigen-specific CD8" set, whereas the
extent of lymphocyte turnover in the absence of cognate
peptide is variable, at a low level, and can be influenced by
intercurrent infection.

The quantitation of cell-mediated immunity has been revolu-
tionized by the recent development of tetrameric complexes of
MHC class I glycoprotein + peptide (tetramers) for the direct
staining and subsequent flow cytometric analysis of virus-
specific CD8" T cells (1). The results with the tetramers (2-4)
suggest that the magnitude of both the acute response and
long-term CD8* T cell memory has been grossly underesti-
mated by the earlier, microcloning limiting dilution analysis,
which required cytotoxic T lymphocyte precursors (CTLp) to
undergo 10-15 cycles of replication before reading out as CTL
effectors in a 3'Cr release assay (4-7). However, it is still
unclear whether limiting dilution analysis or tetramer staining
offers a better estimate of the functional T cell memory that
can be recalled after a repeat exposure to antigen (4). If, as
suggested by earlier studies by using ionizing radiation (8),
memory CTLp must divide further before mounting an effec-
tive secondary response, simply measuring the numbers of
tetramert CD8" T cells might be illusory.

Mice that first are immunized with an HIN1 influenza A
virus and then challenged intranasally (i.n.) with an H3N2
virus that shares the immunodominant nucleoprotein
(NP366-374) epitope show a massive increase (3) in the numbers
of virus-specific CD8* T cells detected by direct staining with
a tetrameric complex of H-2DP+NP346_374 (NPP). The present
analysis defines the extent of lymphocyte proliferation for
CD8*NPP* T cells recovered from the lymphoid tissue and
the site of pathology in the lung, following both primary and
secondary challenge with the HKx31 influenza A virus. The
prevalence, and further turnover, of these virus-specific CD8*
T cells then is followed into long-term memory.
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MATERIALS AND METHODS

Virus Infection and Tissue Sampling. Female C57BL/6J
(B6) mice were infected i.n. (9) with 10%8 EIDs, (50% infec-
tious dose for chicken embryos) of the HKx31 influenza A
virus (10) or i.p. with 1072 EIDs, of the A/PR8 /34 (PR8) virus.
The surface hemagglutinin (H) and neuraminidase (N) mol-
ecules of these HIN1 (PR8) and H3N2 (HKx31) viruses do not
generate cross-reactive neutralizing antibodies, but the inter-
nal components (including NP346_374) are shared. Some of the
influenza A virus-primed mice were challenged later with 10°7
EIDs of the B/Hong Kong/73 (B/HK) influenza B virus or
with 103 pfu of Armstrong 53B lymphocytic choriomeningitis
virus (LCMV). Mediastinal lymph node (MLN), spleen, and
bronchoalveolar lavage (BAL) populations were obtained and
processed for flow cytometric analysis as described previously
(3, 9). The lungs were frozen (—70°C) and later homogenized
for virus isolation by allantoic inoculation in embryonated
hen’s eggs (9). Virus titers are expressed as logio EIDs.

Analysis of Lymphocyte Prevalence and Proliferation. The
mice used in the lymphocyte proliferation studies were
“pulsed” with BrdUrd at 0.8 mg/ml in sterile drinking water,
given at various times after infection. The water containing
BrdUrd (Sigma) was protected from light and changed daily.
The animals then were switched to normal drinking water for
the “chase” experiments analyzing the disappearance of this
thymidine analogue. Lymphocyte populations recovered from
the MLN, spleen, and BAL were identified by using the NPP
influenza tetramer or the H-2DP+ NP395_404 LCMV tetramer
(2, 3). Cell surface Fc receptors were blocked by using purified
anti-mouse CD16/CD32 Fc-RIII/II receptor (PharMingen).
The lymphocytes were incubated with the tetramer for 1 h at
room temperature, followed by FITC-conjugated anti-CD8"
(53-6.7, PharMingen) for 30 min on ice, and then stained for
intracellular BrdUrd (11). The cells were resuspended in 0.5 ml
of ice-cold PBS, fixed by the addition of 1.2 ml of ice-cold
ethanol, and held for 30 min on ice before washing and
permeabilization in PBS + 1% paraformaldehyde + 0.01%
Tween 20 for 1 hr at room temperature. They then were
washed again and incubated with 50 Kunitz units of DNase
(Sigma) for 10 min at 37°C. After further washing, the samples
were incubated with anti-BrdUrd-FITC (Becton Dickinson)
for 30 min at room temperature, washed again, and analyzed
on a FACScan using Cell Quest software (Becton Dickinson).
The analysis involved gating on total CD8* T cells or CD8* T
cells that stain with the NPP tetramer. At least 500 events were
collected in each gate for statistical analysis. The samples were
pooled before analysis if too few lymphocytes were recovered

Abbreviations: BAL, bronchoalveolar lavage; B/HK, B/Hong
Kong/73 influenza B virus; EIDsg, 50% infectious dose for chicken
embryos; H, N, and NP, influenza virus hemagglutinin, neuramini-
dase, and nucleoprotein; HKx31and PR8, H3N2 and HIN1 influenza
A viruses; LCMV, lymphocytic choriomeningitis virus; NPP, tet-
rameric complex of H-2D"+NPs65_374 peptide; i.n., intranasally; MLN,
Mediastinal lymph node; TCR, T cell receptor.
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from individual mice. In each experiment, a group of control
mice that were not given water-containing BrdUrd was in-
cluded to set a background of BrdUrd! cells.

RESULTS

Most of the experiments that follow use respiratory challenge
(3, 9) with the HKx31 (H3N2) influenza A virus. The B6
(H-2%) mice were either immunologically naive (primary) or
had been exposed i.p. to a high dose of the PR8 (HIN1) virus
at least 1 month previously (secondary).

Antigen Challenge and T Cell Numbers. The HKx31 virus
replicated initially to the same extent in naive and PR8-primed
mice, but was controlled 2-3 days more rapidly in the latter
group (compare primary and secondary lung titers; Fig. 1).
Though the total magnitude of the lymphocyte populations
obtained by BAL of the pneumonic lung (Fig. 1) and the
numbers of CD8* T cells (Fig. 1) did not differ greatly after
primary or secondary challenge, the prevalence of infiltrating
CD8*NPP* T cells (Fig. 1) was much higher in the mice that
previously had been exposed to the PRS virus. The inflam-
matory pathology in the respiratory tract resolved rapidly
subsequent to the clearance of infectious virus, with the
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F16. 1. Comparison of virus clearance and the acute response in
the BAL after primary or secondary challenge with the HKx31
influenza A virus. Naive (Primary) or PR8 (HIN1)-immune (Second-
ary) mice were infected i.n. with the HKx31 (H3N2) virus. The BAL
samples from each group (n = 5-6) were pooled, stained for surface
CDS8 and NPP tetramer, and analyzed by flow cytometry. The BAL cell
counts per mouse (OJ) were used, together with the flow cytometry
data, to calculate average numbers for the total CD8* (O) and NPP*
T cells (2). Lung virus titers were determined as logioEIDs for groups
of three mice (®).
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magnitude of the cellular infiltrate being reduced to very low
levels by day 22 after challenge (Fig. 1).

The counts for CD8*NPP* T cells in lymphoid tissue
reached maximum values of <3% (for the CD8" set) in the
regional MLN or spleen after primary exposure to the HKx31
virus (Fig. 2, primary). After secondary challenge of the
PR8-primed mice, however, the NPP* population comprised
as many as 30% of the CD8" T cells in the spleen, with
frequencies as high as 10% persisting for 100 days (Fig. 2,
secondary). In a further set of experiments, the spleen and
MLN populations from secondarily challenged mice were
stimulated in vitro with the NPP3g6_374 peptide and then stained
for cytoplasmic IFN-vy. This protocol has been shown previ-
ously (2, 3) to parallel the results for tetramer staining and
confirms that these long-term memory T cells can be recalled
to function, at least from the aspect of IFN-y production (see
Fig. 2 legend).

Proliferation of the CD8*NPP* Population. Quantifying
CD8" T cell numbers (Figs. 1 and 2) gives an estimate of the
magnitude of the cellular immune response, but offers only
limited insight into the extent of clonal expansion and loss.
Here, lymphocyte proliferation has been analyzed by feeding
mice drinking water containing BrdUrd through a protracted
“pulse” period and then staining and analyzing in three-color
mode for the concurrent binding of NPP and mAbs to CD8 and
BrdUrd. Virus-specific CD8*NPP* T cells that have repli-
cated in the presence of BrdUrd stain brightly (BrdUrd),
whereas those that have incorporated BrdUrd and then con-
tinue to proliferate through a “chase” in the absence of this
thymidine analogue will progressively revert to being Br-
dUrd'°. Typical BrdUrd “pulse” profiles are illustrated in Fig.
3 for BAL populations (>70% CD8*) obtained at 8 days after
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F1G. 2. Long-term quantitation of CD§*NPP* T cells in the MLN
and spleen. Groups of naive (primary) or PR8-immune (secondary)
mice were analyzed through the acute and memory stages of the
immune response to the HKx31 virus. The values were determined for
three to five individual mice at each time point. The results show the
mean * SD of percentage of NPP* within the CD8" set. A further set
of experiments in which CD8* T cells from secondarily challenged
mice were stimulated in vitro with the NP3g6_374 peptide in the presence
of brefeldin A and then fixed and stained for the presence of
cytoplasmic IFN-y (2, 3) gave values for the MLN and spleen,
respectively, of: day 29, 13 * 1, 15 = 10; day 42, 10 = 10, 17 = 5; day
62,17 =9, 10 = 9; day 100, 2 = 1; 7 = 4.
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F1G.3. Profiles of in vivo BrdUrd incorporation for the BAL CD8*
populations recovered from naive or PR8-immune mice at 8 days after
respiratory challenge with the HKx31 virus. Groups of 10 immuno-
logically naive (4 and B) or PR8-immune (C) mice were infected i.n.
with 108 EIDsg of HKx31. One group of 10 naive mice was placed on
normal drinking water (4), and all other mice were given BrdUrd for
8 days from the time of infection (B and C). The BAL cells were pooled
from groups of five mice, depleted of macrophages by adherence to
plastic, surface-stained with the NPP tetramer and anti-CDS8, and then
fixed and stained for BrdUrd. The FACS profiles were gated on CD8"
T cells in the lymphoblast gate. R1 is the background staining for
BrdUrd that was determined in the group not given BrdUrd water. R3
contains BrdUrd" CD8"NPP* and R2 contains BrdUrd™™ (interme-
diate) CD8*NPP* T cells.

primary or secondary HKx31 challenge. No significant staining
was seen for CD8* T cells from mice that had not been fed
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BrdUrd through the course of primary exposure to the HKx31
virus, establishing that the mAb to BrdUrd does not bind
nonspecifically to these highly activated inflammatory T cells
(Fig. 34, R1). The great majority of BAL CD8* T cells from
mice that had been given BrdUrd stained brightly (BrdUrd")
at day 8 (Fig. 3 B and C, R3). The presence of smaller numbers
of CD8*NPP™* lymphocytes showing evidence of an interme-
diate (BrdUrd™™) level of incorporation into DNA (Fig. 3 B
and C, R2) indicates that these lymphocytes have cycled less.
Even so, it seemed that all the CD8"NPP* T cells that
localized to the pneumonic lung on day 8 had divided at least
once after primary or secondary challenge.

Pulse—Chase Analysis of the Recall and Primary Responses.
The findings for a series of these experiments are summarized
(Fig. 4) for the BrdUrd" “R3” region identified in Fig. 3. The
profiles for the recall response are discussed first (Fig. 4,
secondary) because the numbers of CD8*NPP* cells are
higher (Figs. 1 and 2). The pulse experiments suggest that
>80% of the CD8*NPP™ T cells in BAL, MLN, and spleen of
PR8-primed mice have gone through multiple cycles of repli-
cation by day 5 after secondary challenge with the HKx31 virus
(Fig. 4, ADG). Furthermore, comparison of the findings for
the chase period from days 5-8 (Fig. 4, ADG) and the pulse
from days 0-8 (Fig. 4, BEH) indicates that some of these
memory CD8*NPP* T cells continue to proliferate for a
minimum of another 3 days. Little evidence of further repli-
cation, however, is apparent for the days 8—13 chase (Fig. 4,
BEH) or the days 12-16 pulse (Fig. 4, CFI), a result confirmed
in a further experiment in which naive and primed mice were
fed BrdUrd water from 9 to 13 days after infection (data not
shown). Thus, the massive increase in the numbers of
CD8*NPP* T cells that can be shown for both the BAL and
the lymphoid tissue from these secondarily challenged mice
(Figs. 1 and 2) is substantially a result of the proliferative
events that occur during the antigen-driven (Fig. 1) phase of
the response.

The prevalence of the CD8*NPP* set on day 5 of the
primary response is too low to allow useful determinations to
be made (Fig. 4, ADG). By day 8, however, the CD8"NPP* T
cells are sufficiently numerous to permit the analysis of
BrdUrd staining profiles (Fig. 4, BEH). As in the secondary
response, the great majority of these lymphocytes showed
evidence of high levels of BrdUrd incorporation. Both the
chase from days 8-13 (Fig. 4, BEH) and the pulse from days
12-16 (Fig. 4, CFI) indicated that at least some virus-specific
CD8* T cells continue to divide subsequent to day 12, after
infectious virus is cleared from the respiratory tract (Fig. 1). A
repeat experiment (data not shown) supported the impression
that there is substantial incorporation of BrdUrd in the
CD8*NPP* T cells recovered from the BAL (74%), MLN
(72 = 1.4%), and spleen (58 * 22%) through the days 9-13
interval after primary infection. Prior analysis of the primary
response by using light-induced “suicide” of lymphocytes
incorporating BrdUrd followed by limiting dilution analysis
(12) also suggested that the proliferation of influenza virus-
specific CD8* T cells continues beyond what would be pre-
dicted from the profile of virus recovery. Antigen may, how-
ever, still be present through this interval. Influenza RNA can
be detected for a few days longer than virus (13), whereas
experiments with a different model of localized respiratory
infection in the mouse indicated that the same is true for
dendritic cells presenting epitopes of Sendai virus (14).

Persistence of the BrdUrd"CD8*NPP* T Cells. Mice
primed with the PRS virus were challenged i.n. with HKx31,
fed water containing BrdUrd for 8 days, and analyzed sequen-
tially thereafter. Typical BrdUrd staining profiles for splenic
CD8*NPP* T cells sampled after the 8-day pulse or a 65-day
chase (day 73) are illustrated in Fig. 54. Though measuring
BrdUrd loss does not allow accurate quantitation of the extent
of lymphocyte turnover, there was clearly a substantial shift
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F1G. 4. Profiles of BrdUrd incorporation and loss for CD8*NPP* T cells recovered from the MLN, spleen, and BAL of naive and PR8 memory
mice challenged with the HKx31 virus. Groups of naive (primary, 1°) or PR8-immune (secondary, 2°) B6 animals were given BrdUrd drinking water
at the time of infection with HKx31 until day 5 (4, D, and G) or day 8 (B, E, and H), and then half the mice were sampled. The remaining mice
were placed on normal drinking water for 3 days (4, D, and G) or 5 days (B, E, and H) and then sampled. Other mice (C, F, and I) were given
BrdUrd water from day 12 postinfection and either sampled on day 16 or maintained on normal water until day 21. The CD8* T cells were enriched
from the MLN and spleen of five individual mice per group per time point. The BAL cells were collected and pooled from five mice per group.
Samples were gated on the CD8*NPP* (1°, solid bar; 2°, open bar) or T cells and analyzed for BrdUrd staining. The SD values for individuals

are not shown for clarity of the figure.

from BrdUrd" (R3) to BrdUrd™ (R2) during this interval. The
results (Fig. 54, R3) also indicate that many CD8*NPP*
clones cycled only a few times (or not at all) over the 9-week
chase period, whereas others divided to the extent that they no
longer stained for BrdUrd (Fig. 54, R1). Almost all the
CD8*NPP™ cells in the regional MLN remained consistently
BrdUrd" for 73 days after the cessation of BrdUrd feeding
(Fig. 5B). In contrast, the frequency of the BrdUrd" cells in the
CD8*NPP* set fell to 70% in the spleen by day 73 (Fig. 5B),
suggesting that the continued turnover of “resting” memory
CD8* T cells occurs primarily in the spleen. Because of the
relative sizes of the BAL, MLN, and splenic lymphoid popu-
lations, there will always be many more CD8* memory T cells
in the spleen. Any “dilution” of the BrdUrd" set as a conse-
quence of further proliferation will tend to be “buffered” in
this site. Also, the influenza-specific memory CD8" T cells
detected by limiting dilution analysis remain CD62L° for at
least 6 months (15) and thus are excluded from the normal
recirculation pathway via the high endothelial venules of the
lymph nodes (16). This constraint does not apply in the spleen:
the spleen probably provides a better “window” on the mem-
ory T cell pool.

Challenge with Different Viruses. A further set of experi-
ments analyzed the possibility that intercurrent infection may
induce some memory CD8" T cells to enter the cell cycle. The
relative prevalence of BrdUrd"CDS8*NPP* T cells increased
significantly in the spleens of BrdUrd-pulsed mice after i.n.
challenge with an influenza B virus (B/HK), or i.v. exposure
to LCMV (Table 1). The converse experiment (HKx31 —
LCMV-primed mice) gave the same result (Table 1). The
effect was greater for the challenge with LCMV, which, unlike
B/HK and HKx31, grows extensively in the lymphoid tissue.
However, even if there is a measure (Table 1) of “bystander,”
cross-reactive, or cytokine-induced cell division (2, 17-21), it
is very clear that exposure to the cognate peptide is the major
determinant of in vivo proliferation for CD8* memory T cells
(compare Fig. 4 with Table 1).

DISCUSSION

The present experiments establish that there is extensive cell
division during the course of both primary and secondary
CD8* T cell responses in conventional mice. This resolves an
old controversy about the extent of lymphocyte replication
during the recall phase of cell-mediated immunity (8, 22-27).
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Fi6. 5. Long-term turnover of virus-specific CD8* T cells that
proliferated during the course of the acute infection. The PR8-immune
mice were infected i.n. with the HKx31 virus and given BrdUrd in the
drinking water for 8 days, beginning on the day of secondary challenge.
Thereafter, they were maintained on normal water. Typical BrdUrd-
staining profiles for this pulse—chase analysis are presented for the
CD8*NPP* set recovered from the spleens of individuals sampled at
8 or 73 days after exposure to the HKx31 virus (4). The results
presented in B are mean * SD values for groups of four mice assayed
at the end of the day 8 pulse and at 2, 3, 5, and 10 weeks after infection.

The perception that both conventional and T cell receptor
(TCR) transgenic CD8" memory T cells undergo multiple
cycles of division after adoptive transfer and exposure to
antigen (20, 21, 28-30) is equally valid for normal, unmanipu-
lated animals. Overall, the results support the related postu-
lates that the presence of antigen is the key factor driving clonal
expansion and that the size of the memory T cell population
is broadly reflective of the extent of lymphocyte proliferation
during the antigen-driven phase (31).

Considering both the magnitude of the increase in virus-
specific CD8* T cell numbers and the profiles for BrdUrd
incorporation, it seems reasonable to suggest that the great
majority of the memory CD8*NPP* T cells remaining a month
or more after the resolution of the primary response to an
influenza A virus are not terminally differentiated and pro-
liferate after secondary challenge. This goes some way to
addressing questions concerning the correlation between tet-
ramer-staining profiles and functional T cell memory (4). The
influenza A viruses cause substantial localized infections in the
mammalian respiratory tract, with lymphocyte stimulation in
the regional lymph nodes and spleen thought to result largely
from exposure to antigen-presenting dendritic cells that have
migrated to the lymphoid tissue (14, 32). It is now obvious that
this level of antigenic exposure is sufficient to drive massive
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Table 1. Prevalence of BrdU" CD8" memory T cells in spleen
8 days after challenge with unrelated viruses

_ Challenge? % BrdUhi CD8*$
Priming virus* Virus  Route Tetramer¥ tetramer ™
PR8 — HK X 31 Nil NPP 7+ 2
B/HK in. NPP 15 =21
LCMV  iv. NPP 29 = 71
LCMV Nil LCMV 12+ 3
HK X 31 in. LCMV 19 = 21

*Naive B6 mice were primed i.p. with 107-° EIDs of the PR8 influenza
A virus and then given 10%8 EIDsq of the HK X 31 virus i.n. 4 weeks
later or infected i.v. with 103 pfu of the Armstrong strain of LCMV.
The mice were held for 5-11 weeks before challenge.

TMice were challenged i.n. with 1057 EIDsg of the B/HK influenza B
virus, i.v. with 103 pfu of LCMV, or i.n. with 1098 EIDsq of the HK X
31 influenza A virus. Unchallenged immune controls (Nil) were used
to determine the prevalence of BrdUM CD87 tetramer™ T cells in
“resting” spleen.

iVirus—specific CD8" T cells were stained with the DI-NP366.374 (NPP)
or the D>-LCMV NP396.404 (2) tetramers.

8The percentage of CD8* tetramer™ T cells that were BrdUM (R3
region of Fig. 3) was determined after feeding water that contained
BrdU for 8 days. The results show the mean = SD for at least five
individual mice, compiled from two experiments (bottom two lines)
or from a contemporary comparison (top three lines).

P < 0.01 compared with the unchallenged group (Nil). The data were
analyzed with the Mann-Whitney U test.

clonal expansion well beyond the numbers that function ef-
fectively after the initial encounter with the pathogen. The
recall response thus seems to be greatly surplus to require-
ments and not particularly fine-tuned. Many of these excess
CD8* T cells are removed in the liver (33, 34).

Some of the BrdUrd"CDS8*NPP* T cells that proliferate
during the antigen-driven phase of the response survive for at
least 100 days without dividing further, whereas others cycle to
varying extents. The “chase” profiles shown here for the
BrdUrd" CD8* NPP* set are, in fact, similar to those de-
scribed previously for CD44M T cells (11) and for adoptively
transferred, TCR-transgenic lymphocytes (29). The obvious
difference between the TCR-transgenic studies and the
present analysis is that the NPP-specific CD8" T cells utilize
a very diverse spectrum of TCRaf pairs (35). Much of the
variability in long-term turnover rates shown here for the
memory CD8*NPP™ set thus could be considered to reflect
differences in TCR avidity/affinity for MHC class T glyco-
proteins presenting other non-self- and self-peptides, an in-
teraction that may be essential for the maintenance of CD8"
T cell memory (30). It is clearly of interest to determine
whether these profiles of continuing T cell proliferation, and
inevitable loss, will gradually narrow the spectrum of TCR
expression for this set of memory T cells.

The availability of the tetramer-staining reagents has al-
lowed analysis of the prevalence, localization, and proliferation
status of both antigen-stimulated and resting CD8* T cells
during the development, effector, recovery, and long-term
memory phases of an immune response with a precision that
was formerly impossible. Even so, it is very important to
recognize the inherent limitations of these experiments, which
preclude putting too fine a point on some of the numbers that
are generated. The apparent anatomical distribution profiles
are a function of the kinetics and magnitude of cell division,
localization, exit, and death. The present data allow insight
into the extent of proliferation and the size of antigen-specific
CD8* T cell populations, by providing what might best be
thought of as “snapshots” of a site of pathology or a particular
lymphoid tissue. Addressing the question of “rates” still re-
mains problematic in the absence of a technology that allows
“real-time” analysis of cell movement between different ana-
tomical compartments. Understanding the nature of homeo-
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static control in this diffuse organ system continues to offer
major challenges (5, 36, 37).
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